Apoptosis
is essential for the development and homeostasis of metazoans (1) . In an apoptotic cell, some components are decomposed by its own proteases or nucleases (2, 3) . While the processes associated with chromatin fragmentation, cytoskeleton disruption, nucleus condensation, and membrane blebbing are extensively studied and well understood, the mechanisms and functions of apoptotic RNA degradation remain unelucidated (4, 5) .
Active RNA cleavage in apoptotic cells is observed for a few non-coding RNA species such as 28S rRNA, U1 snRNA, and Y RNAs. 28S rRNA, a part of the large subunit of the ribosome, is transcribed by RNA polymerase I in the nucleolus. While 18S rRNA remains intact during apoptosis, 28S rRNA is immediately fragmented (6) . U1 snRNA, RNA forms U1 small nuclear ribonucleoprotein (U1 snRNP) complex is involved in mRNA splicing, is also cleaved in apoptotic cells (7) . During apoptosis, one of the components, U1-70K, is cleaved by the activated caspase 3 and the single-stranded 5′-end is simultaneously truncated by an unknown ribonuclease (8) . In addition, Y RNAs undergo rapid cleavage by caspase 3 during apoptosis (9) . Y RNAs are noncoding RNAs that are widely conserved from bacteria to mammals (10) . Humans have four Y RNAs: Y1, Y3, Y4, and Y5 RNA. In the nucleus, Y RNAs contribute to DNA replication initiation through formation of the replication origin (11, 12) . Y RNAs form Ro-RNP complex with Ro60, which has been reported to be one of the common autoantigens observed in autoimmune diseases, to regulate the cytoplasmic localization of Ro protein by masking the nuclear localization signal of the protein (13) . Although these cleavage activities were observed more than 20 years ago, the underlying mechanisms and identification of the responsible ribonuclease have remained elusive. Autoantibodies against these ribonucleocomplexes (ribosome, U1 snRNP, and Ro-RNP) are often detected in the sera of patients with systemic autoimmune diseases, indicative of the involvement of apoptotic RNA cleavage in these pathological conditions (14-17).
The study of small RNA, including microRNA (miRNA), endosiRNA, and piRNA, has greatly expanded after the emergence of next-generation sequencing (18) (19) (20) . We previously identified a new class of small RNAs that specifically bind to AGO1, but not AGO2, prepared from Epstein-Barr virus (EBV)-positive lymphoma cells, by small RNA sequencing (21) . These small RNAs named AGO-taxis small RNAs (ASRs) exhibited RNA interference activity and dramatically increased during the EBV lytic infection, which was accompanied with massive cell death.
To investigate the correlation and biological significance of this small RNA cleavage, apoptosis, and pathogenesis of autoimmune diseases, it is crucial to elucidate the detailed mechanism of RNA cleavage in apoptosis.
Here, we conducted a cell-free assay in combination with some fractionation methods to reveal that Y RNA cleavage in apoptosis is caused by a ribonuclease and its inhibitor PTBP1-a well-known splicing factor (22) . PTBP1 induced apoptosis-dependent Y RNA cleavage through its truncation by activated caspase 3. Following PTBP1 cleavage, Y RNA single-strand region may be exposed to any kind of endoribonucleases.
Results

Agotaxis small RNAs are derived from the stem regions of Y RNAs
The consensus motif of ASRs was already identified (5) and UUGACU, known to be conserved in the stem region of the non-coding Y RNA, was identified as the binding motif of Ro autoantigen. A common structure of Y RNA was drawn using secondary structure of Y RNAs (23). The motif was plotted on the common secondary structure ( Figure 1A ) and small RNAs were found to be derived from the 3′ stem regions of Y RNAs via cleavage of the singlestrand loop region.
Activation of Y RNA cleavage is mediated by apoptotic stimulation
We previously observed elevation in ASR levels along with EBV reactivation when the ratio of dead cells was high. On the other hand, ASRs were expressed in not only EBV-positive cells but also EBV-negative cells. We hypothesized that Y RNA cleavage depends on cell death, which massively occurs during EBV lytic infection. Apoptotic cells were defined as Annexin V-positive cells (24 Figure 1B) . Apoptosis-associated Y RNA cleavage was verified by northern blotting ( Figure 1C ). Additionally, Y RNA cleavage was induced by activated caspase 3 in the cell-free system in vitro ( Figure 1D ). These results indicate that ASRs processing is activated in apoptotic cells and is coordinated by caspase3.
Y RNA cleavage is independent of Drosha, Dicer, and RNase L We previously reported that ASRs are processed independently from DROSHA (5). We examined whether ASRs were processed by DICER. To study the effect of DICER and DROSHA in processing, we performed siRNAmediated knockdown of the genes and examined the expression of ASRs in apoptosisinducing cells. No differences were observed in the processing of ASR between DICER-or DROSHA-knockdown or control cells ( Figure  2A) . Furthermore, the expression of ASR was unchanged between the wild-type and DICERdeficient MEF cells ( Figure 2B ). These results indicate that Y RNAs are cleaved by an unknown RNase but not DICER.
Several viral single-strand RNAs are known to be cleaved by RNase L (25) , which is activated during apoptosis (26) . We examined whether ASRs were processed by RNase L. We performed siRNA-mediated knockdown of the genes and examined the expression of ASRs in apoptosis-inducing cells. No differences were observed in the processing of ASR between RNase L-knockdown and control cells ( Figure  2C ). Furthermore, ASR was detected in RNase L-knockout MEF cells following apoptotic induction by staurosporine ( Figure 2D ). Thus, ASR was processed in RNaseL-deficient condition, indicating that Y RNAs are processed by an unknown RNase but not RNase L.
Identification of RNase and RNase inhibitor for Y RNA cleavage
The processing machinery of ASRs was investigated in a comprehensive manner. To identify the molecules responsible for Y RNA cleavage, the S-100 fraction from Jurkat cells was fractionated using saturated ammonium sulfate (SAS). Each fraction was treated with the activated caspase 3 and Y RNA processing examined. As shown in Figure 3A , a 2.3-fold increase in caspase 3-dependent Y RNA cleavage activity, calculated as ASR/Y3 RNA, was observed in the SAS 50-60% fraction as compared with that in the control without caspase 3 (1.03 versus 0.44) ( Figure 3A ). The SAS 50-60% fraction was separated by IEC and cleavage activities were examined with or without caspase 3. We failed to observe the dependency of caspase 3 for Y RNA processing in all fractions. The processing was examined in the reaction without caspase 3 ( Figure 3B ). Fractions e and f showed 6.36 and 6.84 processing activities, which were 2.56-and 2.75-fold higher, respectively, than the average in this assay (2.48). These fractions showed high RNase activity and were defined as RNase fraction (R.F.). From the results, it was hypothesized that molecules determining caspase 3 dependency comprised R.F. and other fractions, which may contain the inhibitory activity of RNase. To test this hypothesis, R.F. was mixed with other IEC fractions and incubated with the activated caspase 3 ( Figure  3C ). We detected 0.77, 0.36, 0.06, and 0.93 processing activities without caspase 3 with k to n fractions, which corresponded to 3.4, 7.4, 45.7, and 2.8-fold reduction, respectively, as compared to the average processing activity of R.F (2.6). Caspase 3-dependent processing was recovered upon mixing the fraction from k to m ( Figure 3C ). The processing activity of fraction m without and with caspase 3 was 0.06 and 1.52, respectively, indicating that a 26.4-fold increase in the processing activity was observed in the reaction with caspase 3 as compared to the reaction without caspase 3. These results suggest that RNase activity is inhibited by one or several factors from IEC fractions k to m and that the inhibition activity was deactivated by caspase 3.
PTBP1 inhibits Y RNA cleavage and caspase 3 deactivated the inhibition
It can be suggested that the inhibitor is truncated by caspase 3. Several proteins were shown to be bound to Y RNA (27) . One of these proteins is PTBP1 (also known as hnRNP I), which binds to the loop region of Y RNA where it is cleaved during the biogenesis of ASRs (28) . Furthermore, the cleavage of PTBP1 by caspase 3 was reported, but its significance has been undetermined (29) . IEC fractions were analyzed by immunoblotting with anti-PTBP1 antibody and significant band densities were detected only in fractions with inhibitory activity ( Figure  4A ). To investigate the inhibitory activity of PTBP1 on Y RNA processing, recombinant PTBP1 protein which was extracted from 293T cells was incubated with the reaction solution containing Y RNA and R.F. fraction showing RNase activity. The Y3 RNA/ASR which indicates inhibitory activity of the cleavage, 2.8-fold was increased in the presence of PTBP1 but the inhibitory effected was cancelled by the activated caspase 3, indicating that Y RNA processing activities was inhibited by PTBP1 and caspase 3 deactivated this inhibition ( Figure  4B) . Moreover, the Y RNA cleavage was also examined with "uncleaved mutant PTBP1" which carrying amino acid substitution at caspase 3 target loci (D7A, D139A, and D172A) as described (29) . While wildtype PTBP1 was cleaved by caspase3, the mutant PTBP1 was uncleaved in Figure 4C . In this condition, cleavage of Y3 RNA remained suppressed by the mutant PTBP1 with caspase 3, while that was proceeded by wildtype PTBP1 with caspase 3 ( Figure 4D ). These results demonstrated that the Y RNA processing inhibitor, PTBP1, is involved in apoptosis-dependent biogenesis of ASRs.
Discussion
Agotaxis small RNAs are a recently found class of small non-coding RNAs with the mechanism of action similar to that of miRNAs (5) . ASRs were identified in EBV-infected cells and their expression was dramatically elevated during the lytic phase of EBV infection. According to recent next-generation sequencing studies, ASRs may be observed in various cells, indicating that ASRs processing may display some general functions not only in EBV infection but also in cellular biology. In this study, we found that the precursors of ASRs are non-coding Y RNAs, which are widely conserved and essential for the initiation of DNA replication. Y RNAs are known to be cleaved during apoptosis (9) . The lytic phase of EBV infection is characterized by massive apoptosis. ASRs were thought to be generated during apoptosis from their precursor Y RNAs. Although the small RNA degradation or generation, which includes Y RNAs or U1 snRNA in apoptosis, was previously observed (7, 9) , their cleavage enzymes, functions, and biological significance in apoptosis are unclear. In this study, we elucidated the cleaving machinery of Y RNA and processing machinery of ASR. As shown in Figure 1D , Y RNA cleavage may be induced from cytoplasmic extracts following treatment with caspase 3. The fractionation of the cell extract using SAS, IEC, and gel-filtration chromatography revealed at least two molecules, ribonuclease and PTBP1, that interact with the machinery. PTBP1 binds to the cleavage locus of Y RNAs and inhibits the access to RNase ( Figure 5 ).
Despite similarities between the ASR and miRNA machineries for exerting their functions, canonical miRNA-processing enzymes for the biogenesis of miRNAs, DROSHA and DICER, had no role in the processing (Figure 2A,B) . miRNAs are generally processed by DICER, which interacts with AGO protein when miRNA loads onto RNA-induced silencing complex (RISC). We have previously shown that the most distinctive feature of ASRs was to be selectively loaded onto AGO1. It would be interesting to know whether the molecules involved in the processing of ASRs, including unknown RNases, are related to selective AGO1 loading.
We performed mass spectrometry analysis to determine RNase using samples from gel-filtration chromatography and IEC R.F ( Figure 3B , data not shown). However, we failed to identify the molecules, owing to the detection of excess of protein species. To overcome this problem, additional fractionation or other screening methods would be needed. Chromatin fragmentation is a well characterized event in apoptosis. Caspase-activated DNase (CAD)/DNA fragmentation factor beta (DFFB) is an endonuclease specifically activated in apoptosis by caspase 3 (30); and CAD lacks a caspase target site. On the other hand, the CAD inhibitor ICAD displays caspase 3 target site and usually binds to CAD to prevent its DNase activity (3,31) in a manner similar to Y RNA cleavage machinery, because the apoptotic cleavage of Y RNAs showed that the inhibitor PTBP1 is cleaved by caspase 3.
Experiments using knockout mice revealed that the systemic deficiency of DNase II causes DNA accumulation in macrophages, resulting in excess innate-immune response (32) . In addition, systemic autoimmune diseases such as Sjogren's syndrome and systemic lupus erythematosus are characterized by autoantibodies against nucleic acids or ribonucleocomplexes in the patient's serum. Ro60 and La (also known as SSA/SSB) which autoantibodies are detected in the serum of almost every Sjogren's syndrome patient are Y RNA-binding proteins. Although the relationship between the autoantigen and pathogenesis is poorly understood, Y RNA cleavage could have some roles to suppress the exposure of autoantigens to immunosurveillance (33) . To examine whether Y RNA cleavage in apoptosis is involved in the generation of autoantigens or pathogenesis of autoimmune diseases, the establishment of knock-in mice that express caspase 3-resistant PTBP1, is now in progress.
In summary, we investigated the molecular machinery of apoptotic Y RNA cleavage. Y RNAs are cleaved by a cytoplasmic endoribonuclease and its inhibitor PTBP1 induces apoptotic Y RNA cleavage via its truncation by caspase 3.
Experimental procedures Cells
Epstein-Barr virus-positive Akata cells and Jurkat cells were maintained in RPMI-1640 medium (Wako) supplemented with 10% (v/v) fetal bovine serum (FBS), 50 U/mL penicillin, and 50 g/mL streptomycin. DICER-or RNaseL (kindly gifted by Dr. R. Silverman) -deficient mouse embryonic fibroblasts (MEFs) and HEK293T cells were maintained in DMEM (Nacalai Tesque) supplemented with 10% (v/v) FBS, 50 U/mL penicillin, and 50 g/mL streptomycin.
Apoptosis and lytic phase induction
To induce apoptosis, MEF cells were treated with 10 μM staurosporine (Wako) at 37°C for 2-6 h. To induce the EBV lytic phase, Akata cells were stimulated with rabbit antihuman IgG polyclonal antibody (20 mg/mL) (Dako) at 37°C for 24 h. Apoptosis was detected by propidium iodide (PI)/allophycocyanin (APC)-Annexin V (Merck and BD Bioscience) staining and analyzed by a flow cytometer (FACSVerse, BD Bioscience).
Northern blotting
The purified total RNA (5 μg) was mixed with an equal volume of gel loading buffer II (Ambion) and denatured at 95°C for 5 min. Denatured samples were separated by electrophoresis using 15% urea gel and transferred onto Hybond N+ membrane (GE Healthcare) in cold room. Hybridization was performed with ULTRAhyb™ buffer (Ambion) at 37°C for overnight. Digoxigenin (DIG)-labeled Locked Nucleic Acid (LNA) probe for ASR derived from Y3 RNA was purchased from EXIQON. Hybridized probes were detected by anti-DIG-AP, Fab fragments, and CSPD substrate (Roche). The detection probe for ASR derived from Y5 RNA was prepared using the DIG oligonucleotide tailing kit, 2nd generation (Roche), according to the manufacturer's instructions.
Transfection with siRNAs
We purchased siRNAs targeting human DROSHA and DICER from OriGene Technology, Inc. siRNaseL, was obtained from Hokkaido System Science. AccuTarget TM Negative Control siRNA (Bioneer) was used as control. Transfection was performed with the Neon transfection system (Invitrogen) according to the manufacturer's protocol. Target genes were evaluated by real-time PCR. Sequences of specific siRNAs are described in Supplemental Table S1 .
Quantification of gene expression
Total RNA was purified from cells, using Sepasol-RNA I Super G (Nacalai Tesque), and reverse transcribed using the High Capacity cDNA transcription kit (Thermo Fisher Scientific). Real-time PCR was performed using THUNDERBIRD SYBR qPCR Mix (TOYOBO) with StepOnePlus real-time PCR system (Applied Biosystems). Threshold cycle (CT) values were calibrated to β-actin and analyzed by the 2 − ⊿⊿ CT method. Gene-specific primers are described in Supplemental Table S1 .
Protein fractionation and ribonuclease activity assay
Jurkat cells were suspended in an equal volume of a buffer containing 50 mM PIPES-KOH (pH 7.4), 50 mM KCl, 5 mM EGTA, 2 mM MgCl2, 1 mM DTT, 20 µM cytochalasin B (Wako), and protease inhibitor cocktail (Merck). The suspension was immediately frozen in icecold iso-propanol bath and melted on ice. The thawed sample was disrupted by Dounce homogenizer (KONTES) with 50 strokes. The freeze, thaw, and disrupt cycle was repeated. The lysate was centrifuged at 10,000 ×g for 12 min at 4°C and moved to a new tube. The supernatant was separated by ultracentrifugation at 100,000 ×g and 4°C for 90 min. The collected supernatant was subjected to ion-exchange chromatography (IEC) with HiTrap Q column (GE healthcare) and eluted by a linear gradient of 0-500 mM NaCl.
32 P-labeled Y3 RNA was prepared using an in vitro transcription T7 kit (TaKaRa). Each fraction and 32 P-labeled Y3 RNA were mixed in 10 mM HEPES-KOH pH7.0, 50 mM NaCl, 2 mM MgCl2, 20% glycerol, 40 mM betaglycerophosphate, 5 mM DTT, and 1 mg/mL bovine serum albumin (BSA) and incubated with or without caspase 3 (kindly gifted by Dr. S. Nagata) for 2 h at 30°C. RNA was purified from the reactions by acid-phenol and ethanol precipitation and separated by 15% acrylamidedenatured gel (urea). The gel was exposed to imaging plate and analyzed by FLA-2000 (FUJIFILM).
Western blotting
Each sample was separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). The separated proteins were transferred onto a polyvinylidene difluoride (PVDF) membrane (Merck) and the membrane was blocked using PVDF blocking reagent for Can Get Signal (TOYOBO) at 25°C for 1 h. Blotting was performed with anti-PTBP1 antibody (RN011P, MBL). Horseradish peroxidase (HRP)-conjugated secondary antibody or streptavidin was added to the membranes and the peroxidase activity detected using Immobilon western chemiluminescent HRP substrate (Merck).
Recombinant PTBP1 preparation
We cloned PTBP1 into pcDNA3-Flag and transfected the vector into 2 × 10 7 HEK293T cells, using polyethylenimine "MAX" (Polysciences). After 2 days of transfection, nuclear lysate was mixed with anti-FLAG M2 affinity gel (Merck) and eluted by incubation with 3× Flag peptide (Merck). A cDNA of StrepTagII-tagged PTBP1 was cloned into pET49 plasmid. To generate the vector expressing caspase 3-resistant PTBP1, sitedirected mutagenesis was performed using Pfu Turbo DNA Polymerase (Agilent Technologies), with three primer pairs carrying the nucleotides for D7A, D139A, and D172A mutations. These vectors were transformed into Escherichia coli BL21(DE3) strain. The lysates were injected into StrepTrap HP column (GE Healthcare) and eluted by 2.5 mM dethtiobiotin (Merck).
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